The potential for endogenous remyelination and axonal protection can be an important factor in determining disease outcome in demyelinating diseases like multiple sclerosis. In many multiple sclerosis (MS) patients CNS repair fails or is incomplete whereas in others the disease is accompanied by extensive repair of demyelinated lesions. We have described significant differences in the ability of two strains of mice to repair CNS damage following Theiler's virusinduced demyelination: FVB/NJ (FVB) mice repair damaged myelin spontaneously and completely, whereas B10.D1-H2 q /SgJ (B10.Q) mice are deficient in the repair process. A QTL analysis was performed to identify genetic loci that differentially regulate CNS repair following chronic demyelination in these strains and two QTL were detected: one on chromosome 3 with a LOD score of 9.3 and a second on chromosome 9 with a LOD score of 14.0. The mouse genes for epidermal growth factor (EGF) and Tyk2 are encoded within the QTL on chromosomes 3 and 9, respectively. Sequence polymorphisms between the FVB and B10.Q strains at both the EGF and Tyk2 loci define functional variations consistent with roles for these genes in regulating myelin repair. EGF is a key regulator of cell growth and development and we show a sevenfold increase in EGF expression in FVB compared to B10.Q mice. Tyk2 is a Janus kinase that plays a central role in controlling the T H 1 immune response and we show that attenuation of Tyk2 function correlates with enhanced CNS repair.
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quantitative trait locus | remyelination | Theiler's murine encephalomyelitis virus | multiple sclerosis M ultiple sclerosis (MS) is a complex disease characterized by CNS inflammation with the subsequent development of focal demyelinated lesions in the white matter of the brain and spinal cord. The disease is heterogeneous in both its pathology and its clinical course (1) (2) (3) (4) . Remyelination and repair of demyelinated lesions is a well-established phenomenon but the extent and timing of this repair is quite variable among patients (5) .
The repair of demyelinated CNS lesions is a complex process that likely requires the proliferation, migration, and differentiation of oligodendrocyte progenitor cells, the maintenance and preservation of axons, axonal recognition by differentiating oligodendrocytes and the formation of new myelin, and the proper regulation of the CNS infiltrating inflammatory response (6, 7) . Failure of any one of these processes might result in the general failure of CNS repair but currently little is known about the factors that are important in determining the extent of repair following demyelination.
We have described strain-specific differences in the ability of mice to repair CNS damage following virus-induced demyelination (8) . In susceptible strains of mice, CNS infection with Theiler's murine encephalomyelitis virus (TMEV) induces an inflammatory demyelinating disease of the spinal cord that is similar in clinical and pathological presentation to the spinal form of chronic progressive multiple sclerosis. Demyelination is extensive in all susceptible strains by 90-100 days postinfection. In B10.D1-H2 q /SgJ (B10.Q) mice, at 300 days postinfection there is minimal CNS repair with a progressive accumulation of neurologic deficits leading to eventual paralysis and death. In contrast, FVB/NJ (FVB) mice show extensive spontaneous myelin repair with axonal and functional preservation (8) . When FVB and B10.Q mice are mated, the (FVB/B10. Q)F 1 hybrid progeny show strong repair; the "reparative phenotype" of the FVB strain is therefore inherited as a dominant trait. The large difference in the reparative phenotype between these strains (effect size) and the high penetrance of the phenotype suggested that the mapping of genetic loci that are important for CNS repair might be possible. In this report we characterize the patterns of inheritance of the reparative phenotype between the FVB and B10.Q strains and identify two strong QTL for CNS repair. Furthermore, genetic polymorphisms in the epidermal growth factor (EGF) and Tyk2 genes, which map within these QTL, may define a functional basis for understanding differences in the ability of these animals to repair demyelinated lesions.
Results

CNS Repair After TMEV-Induced Demyelination Is a Quantitative Trait.
In a previous report we characterized the significant differences in spontaneous CNS repair and remyelination that are observed in different strains of mice following TMEV-induced CNS demyelination (8) . Infection of B10.Q mice with Theiler's virus results in chronic demyelination with minimal repair and the progressive accumulation of neurologic deficits. In contrast, a second strain, FVB, shows extensive spontaneous repair with axonal and functional preservation.
We examined the inheritance of myelin repair by crossing FVB with B10.Q mice to generate (FVB/B10.Q)F 1 hybrid mice (Fig. 1A) . Infected mice from this cross developed demyelinated lesions followed by extensive remyelination similar to that observed in FVB mice (Fig. 1B, and Fig. S1 ). Most remyelination was oligodendrocyte mediated, although Schwann cell-mediated remyelination was also present. At 300 days postinfection, remyelination in (FVB/B10.Q)F 1 mice averaged 85% of total lesion area (Fig. 1B) . F 1 hybrids showed few neurologic symptoms of demyelinating disease up to 1 year postinfection. Thus, lesion repair is inherited as a dominant trait in the F 1 generation.
When (FVB/B10.Q)F 1 mice were backcrossed to the B10.Q parent strain to produce (FVB/B10.Q × B10.Q)N 2 progeny, we saw that the extent of remyelination in the N 2 generation was distributed continuously between mice with very little remyelination at 300 days postinfection, to mice that showed nearly complete remyelination (Fig. 1B) . Histologic examples of the high and low remyelination phenotypes are shown in Fig. 1D . Demyelination was characterized by the absence of normal myelin sheaths and by the presence of inflammatory cellular infiltrates and myelin debris. Remyelination (Ro) was easily distinguished from normal myelination (N); the myelin was thinner, with fewer wraps around the axon and consequently stained less intensely with myelin stains. The broad phenotypic distribution in the N 2 generation indicates that the reparative phenotype is inherited as a quantitative trait and is determined by the inheritance of allelic variants from multiple genetic loci. We therefore selected an intercross/backcross strategy, using the (FVB/B10.Q)F 1 mice and the B10.Q parental strain, for QTL analysis to detect loci that were involved in CNS repair (Fig. 1A) .
We mapped genetic determinants of CNS repair in a cohort of 109 (FVB/B10.Q × B10.Q)N 2 mice. We examined 10 spinal cord sections from each animal and scored demyelination and remyelination using the quadrant method (SI Methods). The quadrant demyelination and remyelination scores for this cohort are shown in Fig. 1C . Animals with demyelination in <20% of the quadrants on 10 spinal cord cross sections were excluded from the remyelination analysis; if there is no demyelination, CNS repair cannot be scored.
Genomic DNA was isolated from all animals and linkage analysis was preformed using R/qtl software (9) . QTL were initially identified from a one-dimensional genomewide scan using a model in which gender, QTL, and gender interaction with QTL were taken into consideration. We detected two highly significant QTL on chromosomes 3 and 9, with LOD scores of 9.3 and 14.0, respectively ( Fig. 2 A-C) . The LOD scores for significance were determined using 1,000 permutations of the data (10) and significance thresholds of 1% (LOD = 4.15), 5% (LOD = 3.65), 10% (LOD = 3.36), and 63% (LOD = 2.30) were calculated ( Fig. 2A) . QTL with LOD scores >1% are considered highly significant, those >5% are considered significant, and those >63% are considered suggestive. The QTL on chromosomes 3 and 9 both exceeded the 1% threshold for high significance with genomewide P values of 1.42 × 10 −10 and 4.11 × 10 −15 , respectively. QTL on chromosomes 10 and 18 exceeded the 63% threshold for suggestive significance (LOD = 2.80 and 3.18, respectively). We do not consider these further except to note that the chromosome 10 QTL may show preferential effects in male animals (Fig. S2) .
A genomewide two-dimensional scan found no evidence of epistatic interactions between the identified QTL. The QTL identified from the one-dimensional scan using the 63% significance threshold were fit into multiple regression analysis models. These models indicate that the QTL on chromosome 3 results in ∼18.0% of the observed variability in the remyelination data whereas the QTL on chromosome 9 represents ∼30.0%. Therefore, whereas the two identified QTL explain a significant fraction of the genetic effect on CNS repair, there are clearly other loci that also affect this phenotype.
An effect plot for the QTL on chromosome 3 shows that the FVB allele increases repair whereas on chromosome 9 it decreases repair ( Fig. 2 D and E). The QTL on chromosome 3 is therefore inherited as a dominant allele from the FVB strain whereas the QTL on chromosome 9 is inherited as a recessive allele from B10.Q.
Confidence interval plots indicate that the 95% confidence interval for the chromosome 3 QTL covers a 10-cM interval from 61.09 to 71.09 cM ( Having identified strong QTL on chromosomes 3 and 9, we stratified the animals on the basis of their genotypes over the 95% confident intervals for these loci and to ask how such stratification is reflected in the repair phenotype. The animals that repair the best should carry the FVB genotype at the chromosome 3 QTL and the B10.Q genotype on chromosome 9 (FVB Chr3 /B10.Q Chr9 ). Those that repair the worst should be B10.Q Chr3 /FVB Chr9 . These two classes are shown in Fig. 2F , with average repair in FVB Chr3 /B10.Q Chr9 at 88% and in B10.Q Chr3 / FVB Chr9 at 20%. The overall effect size is therefore ≈68%. When we stratified the animals only on the basis of the genotype at the chromosome 3 locus, disregarding the chromosome 9 genotype, animals with FVB Chr3 show an average repair value of 77% whereas those with B10.Q Chr3 are at 39%, a difference of 38% (Fig.  2G ). Stratification based on chromosome 9 alone gave Fig. 2H . B10.Q Chr9 animals show 80% repair whereas FVB Chr9 animals show 40%, a difference of 40%. These results support a model in which both the chromosome 3 and the chromosome 9 QTL exert major effects on the remyelination phenotype and in which these effects are additive but with only minimal genetic interaction between the loci. The large standard deviations in these data sets are also consistent with the involvement of genetic loci other than the two identified QTL on the remyelination phenotype.
Identification of Candidate Genes. In the chromosomal regions that lie within the 95% confidence intervals on chromosomes 3 and 9, there are 112 and 171 identified genes, respectively (Table S1 ). An Ingenuity Pathways Analysis of genes from the chromosome 3 and 9 confidence intervals (Table S2 ) reveals a number of reasonable candidate genes from within these regions. Caspase 6 lies in the chromosome 3 confidence interval and has recently been shown to play a role in axonal degeneration (11) . The erythropoietin receptor lies in the chromosome 9 confidence interval and its ligand, erythropoietin, has neuroprotective effects in the rat experimental autoimmune encephalitis model of MS (12) and has been tested as a potential MS therapeutic (13) . We were particularly interested in the Ugt8a gene on chromosome 3. The Ugt8a enzyme, also known as UDP-galactose:ceramide galactosyltransferase (CGT), is responsible for the synthesis of galactocerebroside (GalC), a major lipid component of myelin. CGT mutant mice have relatively normal appearing myelin but develop a generalized tremor, mild ataxia, and progressive hindlimb paralysis (14) . We cloned and sequenced the cDNA for the Ugt8a protein and examined the expression of Ugt8a transcripts in FVB and B10.Q spinal cord but found no differences in the coding sequence or expression of the gene.
EGF is one of the most broadly active genes at the QTL on chromosome 3. We sequenced the cDNA for the EGF precursor protein from both FVB and B10.Q. There are four nonsynonymous single-nucleotide polymorphisms between the precursor proteins in the two strains (Fig. 3A) . Although none of these differences affects the sequence of the mature EGF growth factor peptide, they all lie near the sites of cleavage that produce the peptide. Western blots for EGF from salivary glands of FVB and B10.Q mice demonstrate a 7.4-fold reduction in the amount of mature EGF peptide in B10.Q mice compared to FVB (Fig.  3B, arrow) . The higher molecular weight bands on this blot are also cleavage products from the EGF precursor protein; in EGF knockout mice all of these bands disappear (15) . A densitometric scan of the blot in Fig. 3B shows a significant difference in the band intensity for the mature EGF peptide between the strains but relatively little difference in the higher molecular weight bands (Fig. S3A) . If amino acid polymorphisms in the EGF precursor protein result in variant protein processing for the mature EGF peptide, a change in the intensity of one of the high The horizontal lines across the plot indicate four confidence thresholds calculated at 1% (top, highly significant), 5%, 10%, and 63% (bottom, suggestive). Highly significant QTL were identified on chromosomes 3 and 9. (B and C) Confidence interval plots for chromosomes 3 and 9. The small horizontal bars at the base of the plots indicate the genomic segment that corresponds to the 95% confidence interval for each QTL. (D and E) Effect plots for QTL on chromosomes 3 and 9. Plots are based on the genotypes detected at a representative SNP located at the peak of LOD score (SNP rs3676039 for chromosome 3 and rs8270115 for chromosome 9). Effect plot for chromosome 3 shows that the FVB allele increases remyelination whereas on chromosome 9 it decreases remyelination. Genotypes: BB, B10.Q/B10.Q; FB, FVB/B10.Q. (F-H) Phenotypic values for remyelination were plotted following stratification of the animals based on their genotypes over the 95% confidence intervals for each QTL. F plots animals with the genotypes that should give the best or the poorest repair. G and H plot animals on the basis of their chromosome 3 or 9 genotypes. molecular weight bands might also have been observed but the small intensity differences and variability in these bands make this difficult to detect. Different rates of EGF peptide turnover between the strains might also explain the differences in steadystate EGF level but if this is the case, the differing rates are not due to differences in the EGF peptide itself because the mature peptide sequence is identical in both strains.
Salivary gland is frequently used as a source of EGF because of the high level of EGF expression in this tissue. EGF is not highly expressed in the spinal cord and we were unable to detect it by Western blot. However, the difference in expression is not specific to salivary gland as we were able to detect significant differences in urinary EGF content between FVB and B10.Q mice (P = 0.003, Fig.  S3B ). EGF transcript levels were similar in spinal cord tissue from FVB and B10.Q mice (P = 0.297, Fig. S3C) , consistent with the notion that the differences in EGF level might occur at the level of protein processing.
The Tyk2 Janus kinase lies in the genomic segment at the site of the chromosome 9 QTL. A naturally occurring mutation in Tyk2 has previously been described in the B10.Q strain (16) and when we sequenced the cDNA for the Tyk2 gene from both FVB and B10.Q, we identified the same difference that was previously reported (Fig.  3C) . Initially it was reported that this mutation resulted in reduced Tyk2 protein levels in B10.Q animals but Western blots for Tyk2 from FVB and B10.Q spinal cord protein showed identical amounts of Tyk2 (Fig. 3D) .
Because the polymorphism in the Tyk2 coding sequence did not affect the amount of Tyk2 protein, we examined Tyk2 function in FVB and B10.Q mice. The immediate downstream effect of activated Tyk2 is the phosphorylation of STAT4. IL-12 stimulation of activated splenocytes from FVB mice resulted in a rapid and robust phosphorylation of STAT4 whereas stimulation of activated splenocytes from B10.Q mice showed almost no STAT4 phosphorylation (Fig. 3E) . This result is consistent with the production of a minimally active Tyk2 gene product in B10.Q mice.
Discussion
Genetic analysis of MS has taken two distinctly different approaches. One approach has focused on disease resistance and susceptibility, asking whether linkage exists between specific genetic loci and the presence or absence of disease (17, 18) . A second approach has looked within the population of MS patients to ask whether linkage exists between specific loci and differential measures of disease outcome such as disease severity, time of disease onset, or rate of disease progression (19, 20) . Although both approaches have shown increasing promise, except for the very strong linkage of the major histocompatibility haplotypes to disease susceptibility there have been few strong genetic correlations relevant to either disease outcome or susceptibility.
Histologic studies describing remyelination in MS lesions were first reported >40 years ago (21, 22) . These initial reports were confirmed when Prineas and coworkers described remyelination in patients with either chronic (23) or early stage MS lesions (24) . More recently, a systematic analysis of the frequency and distribution of remyelinated lesions in autopsies from 51 patients found extensive remyelination in ∼20% of patients whereas in others repair was almost nonexistent (5). Although remyelination tended to be more common in patients after a longer disease duration, little correlation was found between the extent of remyelination and patient gender, the clinical subtype of the disease (i.e., relapsing vs. progressive forms), or the pathologic subtype (i.e., subtypes I-IV). This study demonstrates that extensive repair can and often does occur but it also demonstrates the variability in remyelination between patients and underscores our lack of understanding with regard to the factors that determine the extent of CNS repair that can occur in MS.
Investigators have recognized that there exists a subgroup of MS patients that show little or no disease progression over time. This subgroup is often referred to as having "benign MS" (25) (26) (27) . In general, the benign course of MS is defined by having a low disability score over long disease duration but within this definition there is considerable latitude for interpretation. The estimated frequency of the benign course of MS therefore varies significantly depending on the MS population studied and the particular defining criteria used by different investigators. Despite the uncertainty, the frequency is probably quite high; an estimated average over 17 studies was 25.6% (27) . For reasons unknown, patients with benign MS do not experience the full range of pathology or are able to repair CNS damage before axonal loss and permanent disability occurs. In this regard these patients display a phenotype that is similar to mice such as the FVB strain that repairs CNS damage and maintains neurologic ability. Understanding the genetics, cell biology, and physiology of repair in these mice might therefore have relevance to our understanding of the variability of disease course in MS and might direct us toward the most important pathways to target for therapeutic intervention and for the development of diagnostics for the prediction of disease course.
In this report we have identified linkage groups on chromosomes 3 and 9 that determine differences in the capacity to spontaneously repair damaged myelin and have presented both physical and functional evidence for specific QTL candidate genes within these linkage groups. We have identified polymorphisms between the FVB and B10.Q strains in the protein-coding sequences of the genes encoding EGF and Tyk2. The polymorphisms in the EGF protein appear to affect the steady-state level of accumulation of the mature growth factor whereas the polymorphisms in the Tyk2 protein greatly reduce its function as a kinase.
Both EGF and EGF receptor (EGFR; ErbB-1) are widely expressed in the rodent CNS both during development and in the adult (28) . EGF plays a central role in controlling the proliferation, survival, and migration of neural stem cells both in culture and in vivo (29) (30) (31) (32) and likely plays a similar role in the development of glial stem cells (33) . In general, EGF appears to maintain these stem cells in a proliferative state and may therefore play a role in determining the number of stem cells that form during development or during disease.
Much of the work on EGF has focused on its effects on mitotic cells but it also has diverse effects on postmitotic cells. Treatment of differentiated oligodendrocytes with EGF in culture promotes process formation and regrowth following injury (34) . EGF treatment of oligodendrocytes down-regulates differentiationspecific antigens, allowing them to reenter a proliferative state (35) . In aggregated rat brain cultures, the addition of EGF enhances remyelination following antibody-and complementinduced demyelination (36) . These observations indicate that EGF has direct effects on oligodendrocytes that might affect how these cells respond following disease and during CNS repair.
Whereas EGF knockout mice are healthy and fertile with no obvious behavioral or neurologic abnormalities (15) , inactivation of EGFR is lethal (37, 38) . This dramatic difference in phenotype is undoubtedly because the EGF receptor is activated by a small family of ligands and its removal therefore affects a significantly larger number of pathways than the removal of EGF alone. Several recent studies have demonstrated a direct role for signaling through EGFR during oligodendrocyte development and during remyelination (33, 39) . The examples cited above demonstrate that EGF signaling has pleiotropic effects on several CNS cell types including neurons, oligodendrocytes, and oligodendrocyte precursors, and it is easy to imagine a variety of potential roles for EGF and EGFR in CNS repair.
Many of the cytokine receptors have no intrinsic kinase activity and they activate their downstream pathways by first activating members of the Janus kinase family (40) . Tyk2 interacts with the IL-12 receptor and plays a central role in regulating the T H 1 immune response that is essential for an organism's ability to fight intracellular pathogens but is also associated with autoimmune disease and tissue damage. A natural mutation in Tyk2 is known to exist in the B10.Q strain (16) , which diminishes Tyk2 function and would certainly be inherited as a recessive trait similar to the chromosome 9 QTL. The presence of this mutation in B10.Q attenuates the T H 1 immune response (16, 41) and limits susceptibility to autoimmune responses (42) . One might imagine that this mutation results in an immune response that is strong enough for the organism to survive the initial viral infection but that once the demyelinating phase of the disease is complete the mutation limits the extent of tissue damage caused by CNS-infiltrating immune cells allowing the later repair phase to proceed.
Although the role that IL-12 and Tyk2 play in the development of the T H 1 response has been well studied, Tyk2 also interacts with a number of other cytokine receptors including the receptors for IL-23, IL-10, IL-6, and interferons α and β; the effects that we see on CNS repair might alternatively occur through these pathways (43, 44) . Whichever pathways are involved, it is worth noting that a recent genomewide association study identified 17 potential candidate genes for increased MS susceptibility in humans. On extended analysis of these genes, evidence for association increased only for Tyk2 (45) . These results suggest that our animal model is relevant to the study of human MS genetics and that the continued genetic analysis of the QTL from our study will be relevant to human disease.
Our QTL screen for CNS repair has identified two loci with strong effects on CNS repair and remyelination and we have identified candidate genes within both of these QTL. A systematic genetic dissection of the chromosome 3 and chromosome 9 intervals, such as through the assessment of CNS repair in intervalspecific congenic mouse strains (46) or in EGF and Tyk2 knockout mice (15, 47) , will be necessary to more firmly establish these genes as responsible for the reparative phenotypes that we observe. It is the nature of QTL screens that only genetic loci that have allelic variation between the two parental strains can be detected and there are undoubtedly many other genes that are important for CNS repair that were not detected in this screen because the genes are identical in FVB and B10.Q mice. However, the strength of the QTL and the unbiased nature of the screen, together with the large effect size of the reparative phenotype, should provide a unique opportunity for the study of these QTL and perhaps for the identification of additional QTL in future screens using other models of demyelinating disease and CNS repair. Tissue Preparation and Histopathology Analyses. Quantitation of demyelination and remyelination was conducted on cross sections of spinal cord. Spinal cord tissue was fixed by transcardiac perfusion with Trump's fixative followed by postfixation with osmium tetroxide and embedding in araldite plastic. One-micrometer-thick cross sections were cut from each block and stained with 4% p-phenylenediamine (PPD) to visualize the myelin sheaths. Stained plastic sections were used to quantify demyelination and remyelination using a quadrant technique (SI Methods). Demyelination was characterized by the absence of normal myelin sheaths, denuded axons, inflammatory cellular infiltrates, and glial hypertrophy. Demyelinated areas with remyelination were characterized by myelin sheaths that are thinner and stain more lightly than normal myelin. Any quadrant that showed significant demyelination or remyelination was scored positive for that histopathology. Completely remyelinated quadrants were also scored positive for demyelination to reflect the previous pathologic state of the tissue. Percentage of demyelination was calculated as (total quadrants with demyelination)/(total quadrants examined) × 100. Percentage of remyelination was calculated as (total quadrants with remyelination)/(total quadrants with demyelination) × 100 (48) .
Refer to SI Methods for a more detailed description of tissue preparation and histopathology analyses.
QTL Linkage Analysis. FVB mice and B10.Q mice were mated to generate F 1 progeny. We backcrossed (FVB/B10.Q)F 1 progeny to the B10.Q parental strain to obtain N 2 animals for QTL linkage analysis.
Immediately before transcardiac perfusion for the fixation of CNS tissue, liver tissue was removed and frozen for the isolation of genomic DNA. Genomic DNA for SNP typing was isolated using a phenol-chloroform extraction procedure. DNA concentration was assessed by reading the absorbance at 260 nm and adjusted to 70 ng/μL for SNP analysis.
The Illumina Mouse Medium-Density Linkage Array was used for SNP analysis. This array types each experimental animal for 1,449 SNPs; of these 1,449, a set of 588 SNPs was identified that distinguishes between the FVB and the B10.Q genomes and for which both physical and genetic positions are known on the basis of the mapping studies of Shifman et al. (49) . Details regarding these 588 SNPs are presented in Table S3 . Fig. S4 graphically displays their relative chromosomal positions.
Linkage analysis tests were performed using R/qtl software (version 1.08-56) (50) with linkage analysis results expressed as LOD scores. Thresholds for significant detection were determined using 1,000 permutations of the dataset (10) . Four confidence thresholds were calculated at 1, 5, 10, and 63%. QTL with LOD scores >1% were considered highly significant, those >5% were considered significant, and those >63% were considered suggestive (51). For initial QTL identification a genomewide one-dimensional scan was performed using a full model that considered gender, QTL, and gender interaction with QTL. A genomewide two-dimensional scan was also performed to detect epistatic effects. Multiple regression analysis was performed from the one-dimensional model using the 63% confidence threshold to fit the model. The 95% confidence intervals for the chromosomal positions of putative QTL were approximated by the Bayesian credible intervals (9) .
Refer to SI Methods for a more detailed description of procedures used for DNA isolation, SNP detection, and QTL analysis.
Splenocyte Activation Assays. Spleen cells were isolated from FVB and B10.Q mice, plated at 1 × 10 6 cells/mL in RPMI culture medium (RPMI 1640, 10% FCS, 10 mM Hepes, 100 units/mL Pen/Strep), and activated by the addition of 2.5 μg/ mL Con A for 48 h. After Con A treatment, the cells were washed twice with acidified RPMI 1640 (pH 6.4) and then replated in starvation medium (RPMI 1640, 1% FCS, 1% BSA, 10 mM Hepes, 100 units/mL Pen/Strep) at 1 × 10 5 cells/ mL and cultured overnight. The cells were stimulated by the addition of IL-12 at 20 ng/mL for treatment periods of 0, 5, 10, 30, and 60 min. Cells were harvested by centrifugation at the appropriate times after IL-12 addition and frozen on dry ice. Cells were then prepared for SDS/PAGE and analyzed by Western blotting. Refer to SI Methods for a more detailed description of the splenocyte activation assay and analysis.
Western Blotting. Proteins from mouse spinal cord, salivary gland, and cultured splenocytes were analyzed by SDS/PAGE and Western blotting according to standard procedures. The primary antibodies used for Western blotting were rabbit anti-mouse Tyk2 EP1127Y (Abcam), rabbit anti-mouse pSTAT4 Y693 (Zymed), rabbit anti-mouse STAT4 H-119 (Santa Cruz Biotechnology), and goat anti-mouse EGF (R&D Systems). Following incubation with primary antibody the blots were incubated with an appropriate peroxidase-conjugated secondary antibody and signal was visualized using the Pierce SuperSignal West Pico Chemiluminescent System. Refer to SI Methods for a detailed description of procedures used for sample preparation, SDS/PAGE, and Western blotting.
Statistics. All statistical comparisons (other than those directly involved in the QTL analysis) were made by nonparametric Mann-Whitney rank sum tests. P values <0.05 were considered indicative of statistical significance. Variances are reported as standard errors of the mean.
